ABSTRACT Measurements of inter-and intramolecular distances are important for monitoring structural changes and understanding protein interaction networks. Fluorescence resonance energy transfer and functionalized chemical spacers are the two predominantly used strategies to map short-range distances in living cells. Here, we describe the development of a hybrid approach that combines the key advantages of spectroscopic and chemical methods to estimate dynamic distance information from labeled proteins. Bifunctional spectroscopic probes were designed to make use of adaptable-anchor and length-varied spacers to estimate molecular distances by exploiting short-range collisional electron transfer. The spacers were calibrated using labeled polyproline peptides of defined lengths and validated by molecular simulations. This approach was extended to estimate distance restraints that enable us to evaluate the resting-state model of the Shaker potassium channel.
INTRODUCTION
New molecular insights have been gained in recent years by integrating an array of chemical approaches for study of proteins involved in several cellular and physiological processes. To study the dynamics of proteins, it is crucial to monitor inter-and intramolecular distances, often in realtime. Förster resonance energy transfer (FRET) is a spectroscopic method based on energy transfer between donor and acceptor chromophores (1) that has been widely adopted with the advent of genetically engineered probes (2) . This technique allows us to probe dynamic distance changes between 10 and 100 Å and report on transient structures in a physiological milieu (1) . Nonetheless, FRET estimates are very sensitive to orientation, size, and flexibility of the fluorescent groups, each of which may introduce errors when used for distance measurements. Lanthanide resonance energy transfer, a variant of FRET, significantly reduces errors due to the orientation factor. However, long lifetimes of the dye can systematically underestimate distances because measurements are weighted toward the distance of closest approach (3, 4) .
An alternative method uses chemical spacers capped by functional groups at both ends to measure point-to-point molecular distances (5) (6) (7) . This chemical strategy is straightforward but has found limited application, because the readout is typically a single functional state and information about other conformations is not available. In some cases, streptavidin binding to a biotin-tagged spacer has been exploited, but this strategy may trap the protein in a nonnative state because the binding affinities are very high (8) . Our goal here was to develop a method that combines spectroscopic probes with chemical spacers to overcome the inherent limitations of each of these techniques and provide a direct estimate of molecular distances within the 4-40 Å range.
Herein we report on the synthesis of a library of what we believe to be novel chemical probes and a subsequent approach based on a spectroscopic readout utilizing collisional quenching (1) to dynamically monitor distances between two sites. We envisioned that these hybridized probes would serve as heterobifunctional spectroscopic affinity labels for a desired target. We call the compounds ''tethered quenchers''. We demonstrate that distance information can be inferred by measuring accessibility of a fluorescent tag on one site to a variable-length collisional quencher covalently affixed to a second site. Thus, the functionalized variable-length quenchers act as chemical calipers.
The feasibility of our approach was determined using a set of tethered quenchers to estimate distances in model polypeptides. The rigid polypeptides served as molecular rulers to calibrate the effective distance range for quenching afforded by our probes. Lengths of our chemical calipers, estimated from the experimental calibration studies, qualitatively matched those predicted from molecular-dynamics simulations. Biological application of the tethered-quencher approach was then defined by extending the method to monitor protein dynamics of an exemplar voltage-gated potassium (K þ ) channel, enabling dynamic distance estimates during voltage-dependent-state transitions. The studies reported here establish for the first time, to our knowledge, that tethered spectroscopic probes can be used as versatile chemical calipers to estimate dynamic molecular distances. This optical approach may prove useful for mapping subnanometer distance changes between both intra-and intermolecular sites in large protein complexes.
MATERIALS AND METHODS

Peptide preparation
Polyproline peptides of defined lengths containing 6 or 10 proline residues (Pro 6 or Pro 10 ) were synthesized on an automated synthesizer (Prelude model; Protein Technologies, Tucson, AZ) by the University of Wisconsin-Madison Biotechnology Facility. The polyproline substrates were flanked with a fluorophore (tetramethylrhodamine (TAMRA)) on the N-terminal glycine cap and a C-terminal cysteine residue with a free sulfhydryl group that can be chemically modified. Peptides were stored as lyophilized powders.
Quencher preparation
Quenchers with varied-size polyethylene glycol (PEG) linkers were synthesized in approximately six steps for each compound. PEG linkers were chosen for their high solubility in aqueous solution. The nitroxy radical (NO), or dibromo groups, and maleimide were introduced in the last two steps using an amide-coupling reaction and Click chemistry between alkyne and azide due to their high functional group compatibility. Synthesized compound were frozen and stored in dimethyl sulfoxide.
Cross-linking reaction
Tethered quenchers (10 mM, dimethyl sulfoxide) with a free maleimide group attached were reacted with polyproline substrates (2.5 mM, buffered water, pH 7.6) for 1 h and then frozen.
Purification, verification, and quantification of tethered quencher/polyproline complex
Compounds were purified on a reversed-phase HPLC (ProStar; Varian, McKinley Scientific, Sparta, NJ) equipped with a ProStar 210 delivery module and ProStar 335 photo-diode array detector (Varian, McKinley Scientific) using a C18 column (Zorbax SB-C18; Agilent Technologies, Santa Clara, CA) at a flow rate of 1 mL/min over 30-60 min using a linear gradient from 0.1% trifluoroacetic acid in 10% acrylonitrile/90% H 2 O to 90% acrylonitrile/10% H 2 O. Collected fractions were lyophilized and stored as a powder. Fractions were reconstituted in buffered water and analyzed using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (Voyager DE Pro; Applied Biosystems, Life Technologies, Temecula, CA) to determine molecular weight. Concentrations were determined using data from a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA) for each sample. Samples were diluted to a final concentration of 10 nM in tetrafluoroethylene.
Fluorescence spectroscopy
Fluorescent counts were measured using a QuantaMaster Model C-60/2000 Spectrofluorimeter (Photon Technologies International; Birmingham, NJ) with an excitation range 450-562 nm emitting at 572 nm to determine the relative excitation spectrum. The emission spectrum was assayed over a wavelength range from 525 to 700 nm, and excited at 500 nm. Peak emission wavelength of TAMRA was reliably observed at 565-572 nm. Excitation and emission spectra were obtained at 25 C. Technology) and focused onto a PIN-020A Photodiode (OSI Optoelectronics, Hawthorne, CA) by a condenser lens. The photodiode was connected to the headstage of an integrating Axopatch 1B patch-clamp amplifier (MDS Analytical Technologies, Sunnyvale, CA). To ensure that the photocurrent was within the dynamic range of the amplifier, additional current was fed into the summing junction of the headstage. Ionic currents and fluorescent signals were obtained 24-36 h after cRNA injection into mature Xenopus laevis oocytes. Oocytes were incubated in hyperpolarizing or depolarizing solutions and labeled with trimethylrhodamine methyl ester perchlorate (5-50 mM) for fluorescence experiments. TEA and tethered quenching compounds (TEA-PEGn-NO; n ¼ 0-4) were prepared fresh for each experiment and bath-applied to yield a final concentration of 1-2 mM for fluorescence quenching and pharmacology experiments.
Molecular biology and electrophysiology
Simulations
Molecular-dynamics (MD) setups for the PEG and polyproline/PEG systems are described in the Supporting Material. For the PEG chains attached to the Shaker channel, Monte Carlo simulations were performed in the dihedral space only and energies were calculated with the software CHARMM 22 (http://www.charmm.org/) with the EEF1 solvation model. Ten million cycles, corresponding to 1.8-2.25 M of sampled conformations (the rest were rejected moves), were carried out at a constant temperature of 25 C.
Additional section available in the Supporting Material
Detailed Materials and Methods are available in the Supporting Material.
To provide sufficient procedural details, however, an abbreviated Materials and Methods section is given here.
RESULTS AND DISCUSSION
Rationale and synthesis of tethered spectroscopic probes
Tethered reactive groups offer a unique chemical strategy to obtain physical distance estimates by measuring the rate of reactivity as a function of spacer length. The reactivity of tethered functional groups depends on the distance of the attachment site from the reaction site and spacer length. Thus, by measuring the two variables, rate of reactivity and spacer length, the distance between the tether site and reactive site can be computed (7, 9) . Herein, to probe
Biophysical Journal 105(12) 2724-2732 dynamic structural changes, we substituted quencher-fluorophore pairs where the fluorescence is quenched by a dynamic collisional quenching mechanism (Dexter energy transfer). This short-range (5-8 Å ) mechanism of energy transfer, in contrast to FRET, requires the molecular orbitals of the fluorophore and quencher to overlap in space. Collisional frequency between the two molecules is influenced by diffusion rate and local concentration in solution (1). Short-range quenching of this type has been used to determine protein depth in lipid membranes (10), study folding (11) and accessibility (12,13), and to estimate intramolecular distances (14). Thus, we took advantage of the shortrange requirement for collisional quenching of TAMRA fluorescence (1, (14) (15) (16) ) and synthesized a library of spectroscopic probes (Fig. 1) . The basic structure for the first series of compounds (see Fig. S1 , Type 1, series a, in the Supporting Material) included a maleimide tethered with a tetramethylpiperidine oxide radical quencher separated by variable-length PEG spacers (see additional Methods in the Supporting Material). The maleimide group can react with an available nucleophile, such as a cysteine, by S-alkylation to anchor the compounds. PEG spacers were chosen for their high solubility in aqueous solution. Next, we investigated the feasibility of our method using these compounds as chemical calipers to estimate distances in model polypeptides.
Calibrating the tethered quencher approach Polyprolines (n < 10) adopt a stiff all-trans type-II helix in aqueous solution, as shown by NMR (17) and single-molecule (18) fluorescence, and have been used to calibrate distances measurements for FRET studies (19, 20) . The relationship between the quenching efficiency and spacerlength of our synthetic compounds was calibrated with short polyprolines that form well-defined structures (Fig. 1 B) . Polyprolines were functionalized by labeling an N-terminal glycine residue with a fluorescent reporter (TAMRA) and by adding a C-terminal cysteine for downstream chemical modification. Cysteine-reactive tailed quenchers of varying lengths were then attached at the C-terminal end and purified using HPLC. All products were verified by MALDI mass spectrometry.
We evaluated the quenching efficiency of the tethered probes using a proline 6 (Pro 6 ) substrate. The substrate spacer for this experiment has been demonstrated to have a backbone contour length of~18 Å and act as a rigid rod (18). We measured the quenching efficiency of a range of variable-length NO quenchers tethered to the C-terminal cysteine of Pro 6 (Fig. 2, A and B; see Fig. S1 , compounds A1-A6). Fig. 2 A shows the raw emission spectra of the labeled Pro 6 in the presence and absence of the tethered quenchers.
The peak at~570 nm was measured for various conditions and normalized with respect to labeled Pro 6 without attached quenchers and plotted as a function of PEG length (Fig. 2 B) . The quenching efficiency exhibits a U-shaped (nonmonotonic) dependence with respect to the number of PEG units. This assay also appears to be exquisitely sensitive to small length changes. For example, increasing the tether by one PEG unit (~3.62 Å ; see Fig. S1 , compounds A1-A2) reduced the fluorescence intensity~25%. Interestingly, this phenomenon appears to have a steep cutoff distance as illustrated by the quenching efficiency of A6 (eight PEG units), which suggests the quenching groups may have a directional preference or the spacers have a limited ability to bend backward.
Next, we investigated the quenching efficiency of A1-A6 on a longer substrate (Pro 10 , Fig. 2 C) . The length of the Pro 10 peptide has been estimated to be~30 Å by single molecule measurements (18). Our measurements of the emission spectra of the labeled Pro 10 in the presence of various quenchers are consistent with the estimated length (Fig. 2 D) . Attaching quenchers with spacers of up to four PEG units had no effect on the fluorescence of the peptide, but any subsequent increase in PEG length yielded a monotonic decrease in the peak intensity of the fluorescence. Due to the difficulty in synthesis of longer PEG spacers, we did not explore the possibility that a true fluorescence minimum may be observed for longer PEG lengths. Together, these data provide a calibration curve for tethered quenchers to provide distance estimates of up to 30 Å with increments of 4 Å . FIGURE 1 Strategy utilizing a tethered quencher approach to estimate distances. (A) Tethered quenchers are bifunctional spectroscopic probes that make use of a target-specific adaptable anchor and length-varied spacers to estimate molecular distances by exploiting short-range collisional electron transfer. Probes designed for initial characterization of the method using proline polypeptide substrates consist of a maleimide (MAL) anchor and a nitroxide radical quenching moiety separated by different-sized polyethyleneglycol (PEG) spacers. (B) N-terminal fluorescently-labeled (red star) substrate of known length with varied-length collisional quenchers (green circle) tethered to the C-terminus. The excited-state energy of a fluorescent probe (purple arrow) can be transferred, upon short-range overlap of donor and quencher orbitals, to a quenching group reducing the fluorescence emission (blue arrow).
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Molecular simulations recapitulate experimental observations
To gain further insight into the behavior of the variable-length spacers, we examined various PEG spacers in the absence of any tethering using molecular simulations. MD simulations of the PEG tethers were carried out using an implicit solvent model (GBSW, see the Supporting Material). The distance between the first carbon and the last carbon in the PEG chain was calculated, allowing us to approximate the end-to-end distance for multiple PEG chains. As shown in Fig. 3 A, the distribution, for PEG chains containing <3 units, is narrow. This indicates that these molecules act as rigid units. However, addition of one PEG unit (PEG 4) noticeably broadens the distribution. We then carried out these simulations for longer PEG chains (n > 4), and observed the similar trend (Fig. 3 B) . As the chain length increased, we observed two main features:
1. The standard deviation increased, illustrating the wide range of configurations sampled as the chain becomes more flexible; and 2. The end-to-end distance for chains containing <5 PEG units is a linear function of the number of PEG units, suggesting that the shorter chains may serve as rulers to approximate distances between two sites.
To further investigate the contact probability between two sites as a function of chain flexibility, we ran simulations with PEG chains of different lengths attached to a polyproline (Pro 6 or Pro 10 ). The chromophore and quencher were ); (pink sticks) PEG. (Ball-and-stick representation with oxygen in red, nitrogen in blue, and carbon in cyan) TAMRA and NO; all hydrogens are hidden. Direct contact is observed in panels C and D for the PEG 3 and PEG 5 simulations, respectively. In contrast, a wrapping contact is observed for the PEG 7 (E) and PEG 9 (F) simulations. (G and H) Simulated fluorescence intensity estimates as a function of PEG unit. Fluorescence intensity was calculated by integrating the normalized OO distance distribution from 0 to 7.5 Å (peak), for (G) Pro 6 and (H) Pro 10 . OO distance is measured between oxygen in TAMRA group and oxygen in NO group. attached to the polyproline and PEG as in the experimental setup; care was exercised to treat the interactions that involve the chromophore and quencher (see Fig. S2 and Fig. S3 ). To simulate quenching as a function of PEG spacers, we derived a quenching probability by monitoring the OO distance between oxygen in the TAMRA aromatic ring and oxygen in the quencher group (NO). Our analysis shows that regardless of the lengths of the polyproline and the PEG chain, the OO distance distribution peaks at 7.5 Å , which clearly reflects the attraction between TAMRA and NO. Therefore, a cutoff value of 7.5 Å was used to estimate the quenching probability by counting the fraction of conformations in which the OO distance is shorter than the cutoff (see the Supporting Material ). Analysis of the trajectories from different simulations revealed two different contact modes between TAMRA and NO. When the PEG chain is short (m ¼ 3-5, see the Supporting Material), more-extended structures are observed (Fig. 3 , C and D)-referred to as the direct contact mode. With a longer PEG chain (m ¼ 7, Fig. 3 E) , it wraps around TAMRA. This is referred to as the wrapping contact mode. Formation of the wrapping contact mode reflects favorable van der Waals interactions between the PEG chain and the large aromatic surface of TAMRA. This interaction is reminiscent of the fact that PEG 400 increases the solubility of benzoic acid (21). However, with even longer PEG chains (m ¼ 9), the entropy cost for a compact chain configuration becomes too large and the degree of wrapping loosens up (Fig. 3 F) . Owing to the stabilizing effect of the compact wrapping conformation, the fluorescence intensity minimum (peak quenching probability) occurs at a PEG length favoring the compact wrapping contact. This corresponds to a PEG length of 6-7 for the Pro 6 systems and qualitatively explains the nonmonotonic behavior of the fluorescence intensity (compare Figs. 3 G and 2 B).
For Pro 10 , formation of the direct contact mode becomes increasingly easier as the PEG length increases from m ¼ 3-9. Thus, no wrapping contact is observed for PEG chains up to m ¼ 9. These observations are qualitatively consistent with the nonmonotonic dependence of the fluorescence intensity on the PEG length (compare Figs. 3 H and 2 D). Because Pro 10 is substantially longer than Pro 6 , it is presumed that longer PEG chains are required to form the wrapping contact mode and therefore reach a minimum in the fluorescence intensity. In short, the MD simulations are able to qualitatively capture the dependence of the quenching profile on the PEG chain length for both Pro 6 and Pro 10 , lending support to the qualitative correlation between features of quenching profile and distance.
Toolset for distance mapping in a biological system
To validate the utility of the tethered quenchers as an approach to obtain distance measurements in living cells, we targeted the voltage-dependent Shaker K þ channel. Among the numerous biological targets we considered, voltage-gated ion channels (VGICs) were an attractive target owing to their essential role in cellular excitability (22). Several high-resolution structures of VGICs have been solved (23-27) but, in all instances, the voltage-sensor is in an activated conformation. To understand the detailed workings of VGICs, it is necessary to obtain information about the structure of the channel in resting conformation, which is still a matter of debate (28). Spectroscopic methods (3,29-34) suggest a small movement of the voltage sensor, whereas chemical (8, (35) (36) (37) (38) (39) (40) (41) (42) spacer data are consistent with large-scale rearrangement of the voltage sensor. Thus, we postulated that the tethered quencher approach would complement the previous measurements and may shed new light on voltage-sensor movements. This strategy allows for examination of both conducting (activated/open) and nonconducting (resting) functional states.
To map the conformations of the voltage sensor in resting and activated states, environment-sensitive fluorescent tags were attached to engineered cysteines in the voltage-sensing or pore domain of the Shaker K þ channel. In response to depolarizing pulses from a resting membrane potential, these fluorescent probes typically generate a quenching or a dequenching signal (29,31) due to a change in microenvironment. Addition of an extrinsic quencher can modify this fluorescence signal by preferentially quenching the fluorescent probe in one state relative to the other. As shown in Fig. 4 C, if the fluorescence signal decreases upon channel activation, then a resting-state-specific quencher will further decrease the amplitude of the fluorescence signal. If, on the other hand, the quenching group prefers the activated state, then the fluorescence signal will increase. No change in the amplitude of the fluorescence signal indicates that either none of the states are quenched, or that the quenching is state-independent.
For these experiments, we synthesized another set of tethered quenchers (see Fig. S1 ; compounds C0-C4) with a pore-blocking moiety (TEA) to anchor our calipers to the channel (Fig. 4 A and Fig. S1 , Type 2, series a). Cysteine residues were then engineered into extracellular regions (S1-S2, S3-S4, and S5-S6) of a cysteine-removed (D4Cys) channel background (31). Initially, several extracellular target sites for cysteine insertion were scanned. The criteria for choosing ideal sites was based on the ability to fluorescently report a change in environment as a function of voltage, and estimated distance from the channel pore determined from crystal structures.
We then generated a high-affinity TEA site (T449F) within the pore (43). The phenylalanine residues contributed by each of the four subunits coordinate and tightly bind to the quaternary ammonium ion via a cation-p interaction (44). This substitution significantly increases the blocker affinity and effectively reduces the K i by~100-fold (~20-0.5 mM) compared to wild-type channels (43).
This point becomes critically important because at sufficiently high concentrations, free quenchers can directly quench fluorescence of the label on the channel. To this end, we showed that a working concentration <10 mM for the NO quenchers does not reduce the fluorescence intensity (see Fig. S4 ). Thus, utilizing the high-affinity clone allowed the use of a lower concentration for the tethering studies and eliminated the possibility of contamination from freely diffusing/nonanchored molecules. Potency of C0-C4 was determined based on blocking of K þ current under voltage-clamp and comparison to the commercially available TEA. Ionic currents were significantly reduced by 78.5 5 6.2% (p ¼ 0.00014; n ¼ 4) and 78.1 5 8.6% (p ¼ 0.0014; n ¼ 3) with 1 mM of the commercial TEA and C0-C4, respectively, compared to vehicle (Fig. 4 B) . Other controls such as quenching groups lacking a TEA moiety did not significantly reduce ionic currents (97.7 5 2.1%, p ¼ 0.67, n ¼ 3 and 93.8 5 2.4%, p ¼ 0.23, n ¼ 7), indicating that the observed current reduction is due to specific binding of the TEA to the K þ channel pore.
Tethered quenchers as chemical calipers for
We obtained distance constraints for four different sites on the Shaker K þ channel using voltage-clamp fluorometry. As shown in Fig. 4 D (black traces) , fluorescence intensity increases during depolarization for the E422C site, whereas the intensity decreases for the other three sites. The polarity of the signals allows us to obtain distance restraints in both activated (upward deflection, E422C) and resting (downward deflection, A359C, M356C, and T276C) states (45). The voltage-dependent fluorescent signals for each site are shown in Fig. 4 D in the presence and absence of the variable-length tethered quenchers. Control experiments using 1 mM commercially available TEA or S-C1 did not alter the fluorescent signal intensity. In contrast, addition of the pore-anchored quenchers significantly modified the signals in a site-and spacer-specific manner.
Using the structural coordinates for TEA-bound KcsA (46). we placed TEA in the putative resting state of the Kv 1.2/2.1 paddle chimera (47). Upon inspection of the resting-state model (Fig. 5, A and B) , we observed that one monomer appeared disconnected and lacked several molecular contacts conserved within the other monomers. ) voltage sensors activate, which results in fluorescence quenching because the probe is exposed to the solvent. Next, consider a tethered quencher that quenches the fluorophore in the resting state to some degree. Upon depolarization, the signal goes down further and is equal to the activated-state signal. The net result is that the change in fluorescence is reduced (DF 2 < DF 1 ) when the quencher interacts with the fluorophore in resting state. If, on the other hand, the quencher interacts with the probe in the activated state of the voltage sensor, then the fluorescence signals from the activated state will be further reduced. As a result, the difference between the resting and activated fluorescence signals will increase (DF 1 > DF 3 ) and the DF will be higher in the presence of quencher. In some cases, the fluorescence increases upon depolarization in the absence of quenchers. In those instances, if the DF increases upon addition of the quencher, then the label and quencher are interacting much more effectively in the resting state. In contrast, a reduced DF signal indicates that the label and quencher are in close proximity in the activated state. Therefore, this monomer was not included in the average distance calculations.
The average measured distance from the center nitrogen of TEA to residues corresponding to the sites labeled in the Shaker K þ channel (based on sequence homology (24)) were 27 5 2 Å for E422, 30 5 2 Å for A359, 30 5 2 Å for M356, and 50 5 3 Å and T276 in the resting state. Fig. 5 , C-E, shows that the fluorophore at E422C is maximally quenched by PEG2 whereas those at positions A359C and M356C were quenched most efficiently by PEG3. Among the compounds tested, PEG4 appears to quench the fluorophore on T276C most efficiently, but it is unclear whether this compound is the optimal quencher because we lack data for longer-length quenchers. Interestingly, the average point-to-point distances between the center nitrogen on TEA and oxygen in the quenching moiety, in an extended conformation, for PEG-2 is~30 Å , PEG-3 is 33 Å , and PEG-4 is~36 Å . Thus, the quenching efficiency of the various length quenchers appears to be in good qualitative agreement with the positions of these sites relative to the TEA in the resting-state structural model (47).
The assumption that these PEG spacers are in an extended conformation is not unreasonable, because when there are fewer than four PEG units these linkers do not have sufficient conformational flexibility to bend back, as evidenced in our molecular simulations (Fig. 3) . Although the size and orientation of the fluorophore and the molecular contacts between the caliper and the protein are important for determining the quenching efficiency, our assay appears to be surprisingly sensitive and can discriminate between sites separated by only a few Å ngstroms, suggesting this method may be suitable for sub-nanometer-distance measurements. 
CONCLUDING REMARKS
In summary, we have developed what we believe to be a novel method to dynamically measure molecular distances by fusing chemical and spectroscopic approaches. This versatile strategy resulted in a synthesis of an apparently new class of probes called tethered quenchers. Efficiency and sensitivity was evaluated using model polypeptides to calibrate our tethered quenchers, then validated in a biological setting using the multimeric Shaker K þ channel. By taking advantage of a short-range quenching mechanism and chemical tethering, we demonstrate that we can reliably probe dynamic distances <30 Å while resolving length differences of <4 Å . Critical to the utility of our method for measuring point-to-point distances is the observation that an optimal point of quenching can be obtained. This unique feature of our assay is illustrated by the fact that the point of optimal quenching is directly dependent on the number of PEG units, where linkers too short or too long do not result in maximal quenching.
It is notable that Cha and Bezanilla (12) showed that poreblocking molecules such as TEA and agitoxin can affect the fluorescence signal arising from a modulation of the conformational changes associated with pore opening. However, this would not be predicted to affect our quenching measurements because all recordings were done in presence of TEA, allowing us to examine the trend in quenching from TEA-NO to TEA-(PEG) 4 -NO. As such, a reliable estimate between the two points can be determined using the end-to-end distances of the specific quenching compound. These data are consistent with the hypothesis that shorter PEG chains can act as stiff, rigid units where the extended conformation closely resembles the average end-to-end distance. Indeed, our MD simulations qualitatively reproduce these results, demonstrating that shorter PEG chains (<7 PEG units) allow a direct contact between the fluorophore and the quencher to form.
As a result, quenching efficiency is predicted to increase as a function of the number of PEG units where optimal quenching occurs when the PEG chain flexibility allows for increased probability of direct contacts to form. However, with longer PEG chains, chain entropy favors a loose configuration, decreasing the contact probability Thus, at a qualitative level, it is appropriate to correlate the PEG length at which the fluorescence intensity reaches a minimum with the distance that separates the tethering points of the fluorophore and the PEG chain. However, the interaction between the PEG chain and other components in the system is critical. Therefore, it is conceivable that the interaction between the PEG chain and the environment can affect the observed behavior.
Given the structural similarity between VGICs and the available chemical anchors, the strategy established here can be extended to examine more-complex proteins such as the heteromultimeric voltage-gated Na þ or Ca þ channels. As such, this method can be used to complement chemical and spectroscopic approaches based on the target, desired readout, and system constrains. Furthermore, with the recent progress of unnatural amino acid (UAA) incorporation in chemical biology, one can easily adapt a tethered quencher strategy to investigate protein-protein interactions and estimate distances without the limitations of the fluorophore attachments. Such an application may utilize a combination of chemistry, pharmacology, and toxicology, and fluorescence spectroscopy in addition to UAA incorporation. For example, PEG units can be added to a target molecule (48,49), Click chemistry can be used to attach an array of bioconjugates, and fluorescent UAA derivatives (with turn-on, turn-off properties) can be incorporated into the protein backbone along with target-selective toxins in a site-specific manner (2, 50) .
It is also notable that the fundamental characteristics of the tethered quencher probes can be tailored based on the biological system using caged groups or profluorescent derivatives, various quenching molecules, and anchoring pairs. For example, we successfully substituted the nitroxy radical for a brominated moiety and consistently achieved quenching (~70% relative to NO) of our fluorescent probe. The flexibility afforded by our approach allows one to develop a strategy suitable for not only their protein of interest but within the expression system. Taken together, such multifaceted strategies may play a critical role in understanding protein dynamics and elucidating regulatory mechanisms involved in pathology with the aim of developing better therapeutics to treat the disorders. quenchers that contained a tetraethylammonium group were used for the potassium channel experiments.
SUPPORTING MATERIAL
Quenchers in the Series a subgroup were used for tethering experiments and contained either a cysteinereactive group (Type 1, Series a) or a tetraethylammonium group (Type 2, Series a) to anchor the compounds to their target site. Series b quenchers were used for the freely diffusing studies and did not contain an anchoring moiety.
Analyzing and Interpreting the Distance Distribution between the Fluorophore and Quencher:
The observation that the OO distance distribution peaks at the same distance (~7.5 Å) regardless of the length of the polyproline and PEG chains suggests that the interaction between TAMRA and the quencher group is important. To investigate how the treatment of this interaction impacts the qualitative trends observed in the simulations, we carried out additional molecular dynamics (MD) simulations (Fig.   S2 ) in which the van der Waals attraction between TAMRA and the quencher group were scaled with a factor that ranges from 0 to 0.9 (0, 0.3, 0.7 and 0.9). We focused on the van der Waals attraction because it is the dominant interaction between these two largely non-polar moieties. As a qualitative evaluation of the impact of sampling, we also compared the results of the hard-sphere simulations to those from an analytical model in which the polyproline is assumed to be a rigid rod and the PEG chain is described as a Gaussian chain with a bond length of b=4.7 Å. Following straightforward derivations, the cumulative distribution for the distance between one end of the polyproline and the end of PEG chain (see Fig. S3A ) is given by,
where l is the length of the rigid polyproline rod, and F is the accumulative contact probability for squared end-to-end distance (i.e., d
2 ) smaller than z 2 .
As shown in Fig. S3 , the results of the hard-sphere simulations and the analytical Gaussian chain model are in qualitative agreement in terms of peak position in the distribution, suggesting that the degree of conformational sampling is adequate for our purpose. Both give the relevant distance distribution (OO distance for the hard sphere simulations and end-to-end distance for the Gaussian chain) peaks at rather long PEG lengths, especially for Pro 10. Clearly, without any attractive interactions between TAMRA and the quencher, the chain entropy of the PEG chain dominates and the probability that TAMRA and the quencher form a close contact is very low. With a low degree of attraction between TAMRA and the quencher (a scaling factor of 0.3), the OO distance distribution is almost the same as that from the hard sphere model. As the attraction becomes larger, a peak at ~7.5 Å starts to emerge, which eventually dominates the distribution at the scaling factor of 0.9. Among the four sets of scaling factors tested here, only results with the scaling factor of 0.9 led to a qualitative agreement with the experimental observation for the fluorescence intensity. This is satisfying because the same scaling factor was found to give reliable structural properties for PEG with the GBSW implicit solvent model. These simulations highlight that the quenching behavior is not simply governed by the chain properties (e.g., chain entropy) of PEG, and the interaction between the fluorophore and quencher plays a major role. Together with the importance of PEG/fluorophore interaction discussed in the primary text, the simulation studies emphasize that when designing fluorescence probes, it is not always appropriate to regard fluorophores, quenchers and the intervening motifs as merely spectators.
Considering additional interactions between these groups and the substrate might be critical to accurately interpret the data. To estimate the quenching probability, we measured the cumulative contact probability between the oxygen in the aromatic ring of TAMRA and oxygen in the quencher group (NO•). For simplicity, a linear relationship (9) was assumed between the cumulative contact probability for the OO distance up to a cutoff value of 7.5 Å and the quenching probability. For example, the intensity plotted in Fig. 3G and H is one minus the estimated quenching probability.
Experimental Methods and Instrumentation (Molecular Biology and Electrophysiology)
Molecular Biology and Oocyte Expres sion:
Single residue cysteines [S1-S2 (T276); S3-S4 (M356); S3-S4 (A359C); S5-S6 (E422)] were engineered into select sites within the extracellular loops of a high-affinity TEA / cysteine-removed (T449F, C245V 
Electrophysiology and Fluorescence Measurements:
Depending on the labeling site, oocytes were washed in hyperpolarizing (10 mM HEPES, pH 7.5 adjusted with NaOH, containing 120 mM NMG-MES, and 1.8 mM CaCl 2 ) or depolarizing (10 mM HEPES, pH 7.5 adjusted with NaOH, containing 110 mM KCl, 1.5 mM MgCl 2 , 0.8 mM CaCl 2 )
solutions. Oocytes were labeled at 18 o C or on ice with 5-50 µM TMRM (tetramethylrhodamine maleimide, Invitrogen; Grand Island, NY) from a 10 mM DMSO stock. Labeled oocytes were washed and stored in 5 mM HEPES, pH 7.6 adjusted with NaOH, containing 96 mM NaCl, 2 mM KCl, 1.8 mM Fluorescence and electrophysiological data were acquired using Clampex (Molecular Devices;
Sunnyvale, CA) and analyzed with Clampfit, Excel (Microsoft; Redmond, WA), or Origin. Statistical analyses were performed using Origin and Excel. Statistical significance using an independent two tailed Student's t-test was accepted at p<0.05. Graphical data are presented as average ± s.e.m. and 'n' represents the number of samples. Images were constructed using Adobe Photoshop or Illustrator from the Creative Suites 5 software package (Adobe Systems Inc.; San Jose, CA).
Strategies and Procedures for Synthesis (Chemistry)
General Strategy for the Synthesis of Compounds A1-A6: Experimental procedures(10) were followed for the formation of azides, oxidation of alcohols to carboxylic acids, formation of amide bonds, and syntheses of triazoles by coupling alkynes and azides.
Procedures for the first three steps can also be found in the synthesis of compound S3.
General Procedure for the Coupling of Alkynes and Azides:
To the solution of azide (1 mmol) and alkyne (1 mmol) in THF (50 mL) was added CuI (0.19 mg, 0.1 mmol) and the mixture was protected under argon. After the reaction mixture was stirred overnight at room temperature, it was poured to Et 2 O, and washed with 1N HCl, saturated NaHCO 3 , brine, and dried with Na 2 SO 4 .The crude product was purified by flash column chromatography on silica gel to afford the triazole as an oil.
General Procedure for the Ethylation:
To the solution of diethylamine (0.1 mmol) in CH 3 CN (5 mL) was added EtI (155 mg, 10 mmol) and the mixture was protected under argon. After the reaction mixture was stirred under reflux for overnight.
The solvent was removed under vacuum to afford product C as a red oil.
When compound S'-C1 was treated with excess EtI, only mono-ethylation occurred. Due to the paramagnetic nature of compounds containing a NO radical, we could not identify which nitrogen was ethylated by NMR. A new procedure was taken for the preparation of C1 as shown below. To a solution of bromo-acetyl bromide (0.174 mL, 2 mmol) in DCM (10 mL) was added propargyl amine (0.126 mL, 2 mmol) and Et 3 N (0.36 mL, 2.6 mmol). The reaction was stirred for 4 h and then diluted with EtOAc. The mixture was washed with 1N HCl, sat. NaHCO 3 , brine, and dried with Na 2 SO 4 .
The organic solvent was concentrated under vacuum. The crude product was purified by flash column chromatography on silica gel to afford an alkyne derivative S1 (352 mg, quantitative) as an oil.
To the solution of the above alkyne (20 mg, 0.11 mmol) and azide S3 (10 mg, 0.05 mmol) in THF (1 mL) was added CuTc (2 mg, 0.01 mmol) under nitrogen atmosphere. The reaction was stirred overnight at room temperature. The solvent was concentrated under vacuum. The crude product was purified by flash column chromatography on silica gel to afford triazole S4 (10 mg, 57% yield) as a oil. Compound C0 was prepared similarly according to the above procedure. 
